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We verify the immersed boundary-lattice kinetic scheme (IB-LKS) by simulating di®erent
cases; a °ow over a circular cylinder, a neutrally buoyant particle migration in a linear
shear °ow, and sedimentation of circular particles in a viscous °uid. Comparison between
the numerical results and those of previous studies demonstrates the validity of the IB-
LKS for calculation of vicious incompressible °ow with suspended solid particles. The
IB-LKS is one solution approach for the problem of the velocity slip that is observed in
the cylindrical Couette °ow simulation with the Immersed boundary-lattice Boltzmann
method.
Key Words : Computational Fluid Dynamics, Lattice Kinetic Scheme, Immersed
Boundary Method, Particulate Flows
1. ????
?????????Lattice Boltzmann Method, LBM?(1)
???????????????????????????
??????Navier Stokes (NS)?????????????
??????????????????????????
????? (Immersed Boundary Method, IBM)(2) ? LBM
????? Immersed Boundary-Lattice Boltzmann Method
(IB-LBM)?????????????? (3, 4, 5)?????
IB-LBM???????????????????????
??????????????????????????
Le???????? (6)????LBM??????????
???????????????????? Lattice Kinetic
Scheme (LKS)??? (7) ????????????????
??????????????????????????
???????? (8) ?????????????????
??LKS?????????????LBM????????
¿ = 1?????????????????????IB-LBM
?????????????????????? ¿ < 2??
??????????????????????? LKS?
???????????????????????????
2010 ? 9 ? 22 ????2010 ? 10 ? 20 ???
{Dedicated to the memory of Prof. Masataka TANAKA
?? Direct forcing method(9) ?????????????
???
2. IB-LKS
IBM???Fig.1??????????????????
????????????????????????? ~F
????????????NS?????????????
??Direct forcing method???NS????
@~u
@t
+ (~u ¢ r)~u = ¡1
½
rp+ ºr2~u+ ~g + ~F ; (1)
???????????????½ ????~u ????p ?
???~g ????º ??????????? (1)??????
~F =
@~u
@t
+ ~u ¢ r~u+ 1
½
rp¡ ºr2~u¡ ~g
=
~u(n+1) ¡ ~u(n)
±t
¡ rhs; (2)
??????????????rhs??
Fig.1 A schematic of the immersed boundary-lattice kinetic
scheme.
rhs = ¡¡~u ¢ r~u+ 1
½
rp¡ ºr2~u¡ ~g¢; (3)
????Fig.1????????????? ~xs = (xs; ys)?
?????? (2)??????????
~Fs =
~u
(n+1)
s ¡ ~u(n)s
±t
¡ rhss
=
~u
(n+1)
s ¡ ~~us
±t
+
~~us ¡ ~u(n)s
±t
¡ rhss = ~u
(n+1)
s ¡ ~~us
±t
; (4)
??????????? s? ~xs ???????~~us ????
~F = 0 ??? NS ??? (1) ?????????????
n+ 1???? ~u(n+1) ??????? ~ud ????????
???
~Fs =
~u
(n+1)
s ¡ ~~us
±t
=
~ud ¡ ~~us
±t
; (5)
??????IBM???? (5)??????? ~xs ????
~Fs ?????Fig.1 ?????????????????
~xi;j = (xi;j ; yi;j) ????? ~Fi;j ???????????
~Fi;j ? NS??? (1)?????????????????
??????Fig.1?????????????? ~xi;j ??
???
~Fi;j =
NX
s=1
~FsD(~xi;j ¡ ~xs) ¢¢Vs; (6)
?????????????D(~x)????????????
?????????N ?????????????¢Vs ?
?????????2?????????????????
R????? ¢Vs = 2¼R±x=N ?????????????
D(~x)?????????
D(~xi;j ¡ ~xs) = 1
±2x
±h
µ
xi;j ¡ xs
±x
¶
±h
µ
yi;j ¡ ys
±x
¶
; (7)
±h(z) =
8>><>>:
1
8
¡
3¡ 2jzj+p1 + 4jzj ¡ 4z2¢ 0 · jzj < 1;
1
8
¡
5¡ 2jzj ¡p¡7 + 12jzj ¡ 4z2¢ 1 · jzj < 2;
0 2 · jzj:
(8)
? (7)?(8)?????????????? ~xs ??????
Fig.1???????? 2±x£2±x????????????
???? ~Fi;j ??????? (5)????????????
????????? ~xi;j ???? ~~ui;j ???????? ~~us
?????????????????????? (7)?(8)?
?? D(~x)??????????????
~~us =
X
i;j
~~ui;jD(~xi;j ¡ ~xs) ¢ ±2x; (9)
?????????? (9)?????? ~~us ??? (5)???
???????????????????
??????????? ~Fp ???? ~Tp ??
~Fp = ¡
NX
s=1
~Fs ¢¢Vs; (10)
~Tp = ¡
NX
s=1
(~xs ¡ ~xp)£ ~Fs ¢¢Vs; (11)
????????~xp ??????????????????
??? up????????? !p ???????????
ms
d~up
dt
= ~Fp + ~Ff + (½s ¡ ½f )Vs~g (12)
Is
d~!p
dt
= ~Ts + ~Tf ; (13)
???????????½f ???????½s ???????
Vs ???????????ms ???????Is ?????
???????~Ff?~Tf ????????????????
????????????????????R??????
????? Vs = ¼R2???????ms = ½s¼R2?????
???? Is = 12½s¼R
4 ????Ladd(10) ????????
????????????
½s
½f
> 1 +
10
R
; (14)
??????? (14) ?????????????????
???????????????????????????
???????????????????????????
?????????????? Feng(12) ??
~Ff = ½fVs
d~up
dt
= ½fVs
~unp ¡ ~un¡1p
±t
; (15)
~Tf = ½fVs
d~!p
dt
= ½fVs
~!np ¡ ~!n¡1p
±t
; (16)
????
~un+1p =
µ
1 +
½f
½s
¶
~unp ¡ ½f
½s
~un¡1p +
¡
~Fp + (ms ¡mf )~g±t
¢
ms
;
(17)
~!n+1p =
µ
1 +
½f
½s
¶
~!np ¡ ½f
½s
~!n¡1p +
~Tp
Is
±t; (18)
???????????????????????????
????mf ??? Vs ?????????????
LKS???Fig.1?????????????? ~xi;j ??
???????? fk ????? ½??? ~u??
½(~x; t) =
8X
k=0
fk(~x¡ ~ck±x; t¡ ±t); (19)
~u(~x; t) =
1
½0
8X
k=0
~ckfk(~x¡ ~ck±x; t¡ ±t); (20)
??????????????½0????????He???
??????????????????????? (11) ?
???? D2Q9??????? fk ??
fk = !k
·
½+ ½0
µ
3ck®u® +
9
2
ck®ck¯u®u¯ ¡ 3
2
u®u®
+A±x
³@u¯
@x®
+
@u®
@x¯
´
ck®ck¯
¶¸
; (21)
??????????? fk(~x; t) ???? ~x??? t ???
????? ~ck ????????????????±t ???
??????????????????????????
?? (8)?!k ?????????!0 = 4=9?!1;2;3;4 = 1=9 ?
!5;6;7;8 = 1=36 ??????????????
p = ½=3; º =
µ
1
6
¡ 2
9
A
¶
±x; (22)
?????????? Fk ???? ~g ????
Fk = ½3!k~ck ¢ (~g + ~F ); (23)
????????????Fk??
P8
k=0 Fk = 0?
P8
k=0 Fk~ck =
25 30 35 40 45 50 55 60
0
0.2
0.4
0.6
0.8
1
 x
 
u
/u
0
 ×
 °
 •
 : Analytical solution
 : Numerical solution, τ = 1
 : Numerical solution, τ = 2
 : Numerical solution, τ = 5
Fig.2 Pro¯les of the velocity at the horizontal central plane.
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Fig. 3 Flow past a circular cylinder.
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Table 1 Comparison of drag coe±cients and circulating
length (2L=D) with previous studies.
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20 Dennis (FDM)(13) 2.045 1.88
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Present 1.607 4.80
40 Dennis (FDM)(13) 1.522 4.69
He (LBM)(14) 1.499 4.49
Niu (IB-LBM)(5) 1.589 4.69
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Fig. 4 The lateral migration of the particle.
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Fig. 5 Translational velocity of a particle in a channel.
0 0.2 0.4 0.6 0.8 1
0
1
2
3
4
 t
 
y
 •
 : ∆t=0.5 ×10 -4 [s]
 : ∆t=1.0 ×10 -4 [s]
 : ∆t=2.0 ×10 -4 [s]
 : FEM by D. Wan
Fig. 6 Longitudinal coordinates of a particle in a channel.
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Fig. 7 Transverse coordinates of the centers of the two par-
ticles.
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Fig. 8 Longitudinal coordinates of the centers of the two
particles.
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Fig. 9 Sedimentation of two particles in a channel.
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